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 Attributed to its high heat transfer coefficient, 
evaporating cooling involving the use of micro heat exchangers 
is considered a possible thermal management solution for 
cooling of high heat flux electronic devices. The present work 
desires to develop high-performance micro heat exchangers 
operating in the evaporation regime. The pool boiling heat 
transfer performance on one plain plate and one micro porous 
coated plate were tested in a vertical open and a 1-mm confined 
spaces. The test results show that the heat transfer was 
enhanced by the confined space at low and moderate heat 
fluxes but degraded at high flux condition on plain surface. The 
micro porous coating may significantly enhance the pool 
boiling performance. However, the heat transfer characteristic 
in confined space is not exactly the same as that on open 
surfaces. Owing to the interaction of forced removal of the 
superheated liquid due to the bubble departure and retard the 
departure of bubbles by the confined plate, there is no much 
difference for pool boiling heat transfer on micro porous coated 
surface in confined and unconfined spaces at low and moderate 
heat fluxes. At high heat flux, large amount of bubbles were 
confined by the cover plate. This caused the partial dry out and 
significant degrade on heat transfer performance. 
 
INTRODUCTION 
 Owing to the rapid development of semiconductor 
industry, the heat dissipated from electronic devices increases 
drastically with increasing device logic gate number and 
operation speed. The maximum power dissipation is expected 
to reach 150 W in the next 10 years [Azar 2002]. Most of the 
heat is generated from a small area of the so-called hot spot 
where the heat flux can be as high as 100 W/cm2. Traditional 
direct air cooling methods would not be able to accommodate 
this high heat flux owing to their theoretical heat transfer limits. 1
rom: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of UseThe cooling technologies have undergone evolutionary changes 
from air-cooled fin geometry to copper base and vapor chamber 
heat spreader. More thorough methods such as forced 
convective liquid cooling and two-phase evaporating cooling 
have been explored in recent years. Attributed to its high heat 
transfer coefficient, evaporating cooling involving the use of 
micro heat exchangers is considered a possible thermal 
management solution for cooling of high heat flux electronic 
devices. The desire to develop high-performance micro heat 
exchangers operating in the evaporation regime provides a 
major motivation for the present work. 
 The boiling heat transfer in micro heat exchangers is 
generally confined in a very narrow space. The heat transfer 
characteristics are indeed different from those of conventional 
unconfined boiling. Several studies have been conducted for 
pooling boiling in confined space with various space heights 
and heat flux (Ishibashi and Nishikawa [1969], Yao and Chang 
[1983], Fujita et al. [1988], Bonjour and Lallemand [1998] and 
Zhao et al. [2003]). Three boiling regimes were observed, i.e., 
isolated deformed bubbles, coalesced bubbles and partial 
dryout at low, moderate and high heat fluxes respectively 
(Bonjour and Lallemand [1998]). At low and moderate heat 
flux, the heat transfer was enhanced by an expanded area liquid 
layer under the bubbles and the forced removal of the 
superheated liquid due to the bubble departure. However, the 
heat transfer degraded by the delay of bubble departure and the 
early dryout of the heater wall at high flux condition (Zhao et al. 
[2003]). 
 Numerous enhancement techniques for improving the 
boiling heat transfer performance involving tube surface 
treatment have been developed in the past decades (Thome 
[1990]). Among the existing enhancement techniques, 
structured and porous surfaces are the two that obtained the 
most heat transfer enhancement performance. Structured 
surfaces are made by reforming the base surface to make fins of 
a standard or special configuration. They have achieved more Copyright © 2008 by ASME 
: http://www.asme.org/about-asme/terms-of-use
Downloathan 200% enhancement for boiling heat transfer. On the other 
hand, porous surfaces are made by coating very small particles 
to the surface, using either sintering or metal spraying, to 
produce large number of nucleation sites. Recently, Yang and 
Fan [2006] and Fan and Yang [2006] observed the nucleation 
phenomenon during boiling of refrigerant R-134a and R-404A 
on structured and porous tubes. They found that the heat 
transfer enhancement mechanism for structured tubes is 
essentially due to increasing bubble size. The size of bubbles 
generated on the structured tubes they tested was found to be 
larger than 1.8 mm. This would not be suitable for boiling heat 
transfer enhancement in micro heat exchangers because the 
boiling process takes place in a very narrow confined space. In 
comparing to the structured tubes, Yang and Fan [2006] also 
found that the heat transfer mechanism for porous tubes is due 
to increasing bubble density and frequency but not increase 
bubble size. This is perhaps an appropriate method for boiling 
heat transfer enhancement in micro heat exchangers. 
 Microporous coatings are extra-thin porous coatings 
having layer thicknesses that are less than the superheated 
liquid layer thickness for activation of the cavities during 
nucleation (Chang and You [1997]). O'Connor and You [1995] 
applied silver flakes consisting of particles of diameters varying 
from 3 to 10 µm on heating surface. The coating was found to 
enhance pool boiling in saturated FC-72 with almost 80% 
reduction in nucleate boiling superheat and a 109% increase in 
the CHF limit over the non-painted surface. O'Connor et al. 
[1995] used fine diamond particles of diameters varying from 8 
to 12 µm to develop a dielectric paint. When applied on a 
silicon chip, they obtained an enhancement of nearly 24% in 
the CHF limit. Chang and You [1996] studied the nucleate 
boiling heat transfer and CHF for uncoated and coated surfaces 
using microporous coatings made of copper particles (1-50 µm) 
and aluminum particles (1-20 µm). For both aluminum and 
copper microporous coatings, approximately 80% reduction in 
incipient superheat, 330% enhancement in nucleate boiling heat 
transfer, and 100% enhancement in CHF were found relative to 
an uncoated surface. Chang and You [1997] also investigated 
the effects of particle size on the boiling performances of 
microporous coatings using different sizes of diamond particles. 
They observed an increase in both the nucleate boiling heat 
transfer and the CHF with decreasing particle size due to 
increased number of nucleation sites.  
 Rainey and You [2000] studied the performance of a 
double enhancement technique involving the use of a multiple 
square pin fin array on a horizontal flat surface for a large-scale 
area enhancement with microporous coating on the fin surface 
for a small-scale surface enhancement. They found that the 
microporous coated finned surfaces provided significant boiling 
heat transfer enhancement over the plain finned surfaces. 
Rainey et al. [2001] extended the use of microporous coatings 
to flow boiling heat transfer enhancement. They found that the 
enhancement of CHF provided by the microporous coating over 
the plain surface varied from one to 1.7 times, depending on the 
liquid subcooling and the fluid velocity. The amount of 
enhancement tended to increase with increasing subcooling 
whereas it tended to decrease with increasing fluid velocity. 
Recently, Dizon et al. [2004] performed an experimental study 2
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enhancing boiling heat transfer on the outer surface of a 
hemispherical vessel. They found that the use of an aluminum 
microporous coating could result in local CHF enhancement of 
42 % to 112 % for different angular locations along the vessel 
wall. A subsequent study by Yang and Cheung [2005] clearly 
showed that the physical mechanisms behind the CHF 
enhancement were due to capillary pumping action on the 
liquid supply flow through the microporous layer toward the 
heating surface and the availability of additional vapor escape 
paths from the heating surface through the microporous coating 
to the liquid pool. 
 Previous studies of microporous coatings, however, have 
been restricted to boiling in unconfined space. No studies have 
been made on the feasibility of using microporous coatings for 
enhancing boiling in micro heat exchangers. The present study 
aims at seeking an understanding of the separate and combined 
effects of microporous coatings and narrow spaces on the 
two-phase evaporating cooling process. It would advance the 
state-of-the-art in microporous coating technology as well as in 
pool boiling in narrow, confined space, with potential 
applications to the semiconductor industry in regard to the 
cooling of high-heat-flux electronic devices using micro heat 
exchangers. 
NOMENCLATURE 
A Heat transfer area, cm2
Ab Cross section area of heating block, m2
h Heat transfer coefficient, W/cm2-K 
k Thermal conductivity, W/m-K 
Li Heating length, m 
P Saturation pressure, kPa 
q Heat transfer rate, W 
q” Heat flux, W/cm2
Rp Surface roughness, µm 
Ts Saturation temperature, oC 
Tc Wall center temperature, oC 
Ti Local wall temperature, oC 
∆Tsat Superheat temperature, oC 
EXPERIMENTAL METHOD 
 A square copper plate shown in Figure 1 with 30 mm 
wide and 30 mm long was used as the heating surface. 
Aluminum particles of diameters varying from 11 to 38 µm and 
average of 20 µm were used to mix with a binder (OB-200) and 
a carrier (Methyl Ethyl Ketone, M.E.K) to develop a boiling 
enhancement paint and sprayed on the heating surface to make 
a 180 µm thick micro porous coating. The coated plate was 
fixed firmly on the top of a copper heating block. A thin glass 
plate was covered on the heating surface with an adjustable 
spacer to form a vertical narrow space. An other plain surface 
plate was also tested for comparison. Figure 2 shows the detail 
assembly of the test section. The test section is made of 
stainless steel with windows at the side and front for boiling 
phenomena observation. A well insulated heating block with 
square cross section area 30 mm x 30 mm is horizontally 
immersed in a methanol bath in the test chamber. Heat is Copyright © 2008 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
Downloasupplied to the heating block by four internal cartridge heaters. 
The cartridge heater was connected to an adjustable power 
supplier and the power supply circuit was equipped with a 
multimeter that allows the voltage across and current through 
the adjustable power supplier to be measured. Three T-type 
thermocouples were imbedded in the heating block to measure 
the linear temperature variation inside the heating block. 
Another T-type thermocouple was also imbedded on the bottom 
side of the heating plate to measure its surface temperature. The 
heating power q was derived by the one dimensional 
conduction law from the temperatures measured by the three 
thermocouples imbedded in the heating block. The range of 
heat flux tested was from 81.1 to 3.5 W/cm2 with decreasing 
heat flux. 
 





1 Heating Surface 4 Space Adjuster 7 Thermocouple
2 Narrow Space 5 Glass Plate 8 Outer Vessel
3 Micro-porous 6 Copper Block 9 Electric Heater
 
Figure 2. Assembly of test section 
 A schematic diagram of the test system is shown in 
Figure 3. It is a natural circulation system which includes a test 3
ded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Usesection, a condenser, and relevant connecting pipes. Methanol 
was used as the working fluids and evaporated on the heating 
surface, through the vapor pipeline, and finally condensed in a 
water-cooled condenser. A pressure transducer calibrated with 
an accuracy of ±0.1 % of the measuring span is placed at the 
top of the test chamber to measure the system pressure. Two 
RTDs are installed in the liquid pool and the vapor space to 
measure the saturation liquid and vapor temperatures. All the 
thermocouples and RTDs were calibrated by a temperature 
calibrator having a calibrated accuracy of 0.1 oC. All data were 
recorded and converted to digital signals by a data acquisition 
system. The converted signals were then transmitted through 
IEEE-488 interface to a personal computer for further operation. 
The tested pressure was maintained at 1 atm and the respective 
saturation temperature was 64.5 oC. The properties of the 
methanol were evaluated by the information from the National 


















Figure 3. Schematic diagram of experimental system 
 
 The heating power q was derived by the one dimensional 
conduction law from the temperatures measured by the three 
thermocouples imbedded in the heating block. 
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Where Ab is the cross section area of heating block, Ti is the 
measured thermocouples temperature and Li is the distance 
from the measuring thermocouple to the heating block. 
 The heat transfer coefficient for each power input was 
calculated as follows: 












where q is the electric heating power, Tc is the surface 
temperature at the bottom center of the heating plate and Ts is 
the saturation temperature based on measured saturation 
pressure. The difference between Ts and the vapor temperature 
measured by the RTD is within ±0.3 oC. The measured and 
derived experimental uncertainties are listed in Table 1. 
 
Table 1. Uncertainties of the experimental apparatus and 
derived parameters 
Apparatus Uncertainties 
RTD ±0.1 oC Copyright © 2008 by ASME 
: http://www.asme.org/about-asme/terms-of-use
DownloaT-type Thermocouple  ±0.1 oC 
Pressure transducer ±100 Pa 
Derived parameters  
Heating power 1.0 %~22.5 % 
Heat transfer coefficient 1.2 %~23.0 % 
EXPERIMENTAL RESULTS AND DISCUSSIONS 
 The pool boiling heat transfer coefficients vary with heat 
fluxes on vertical plain surface is shown in Figures 4. The 
predictive results by Cooper [1984] and Stephan and 
Abdelsalam [1980] correlations are also plotted for comparison. 
The surface roughness, Rp, is referred to be 0.4 µm as reported 
by Stephan and Abdelsalam [1980] in the present calculation. 
The Figure shows that the tested heat transfer coefficients are 
reasonably located within the region between the prediction 
results by these two correlations. 
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Figure 4. Heat transfer coefficients on plain surface in 
unconfined surface 
 Figure 5 compares the heat transfer coefficients on plain 
surface in a 1-mm confined space and in an open unconfined 
space. The same results as those tested by the previous 
researchers, the heat transfer was enhanced by the confined 
space at low and moderate heat fluxes but degraded at high flux 
condition. The critical heat flux (CHF) occurs for confined 
surface at 36 W/cm2 comparing to that at 53 W/cm2 for open 
surface. 4
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Figure 5. Heat transfer coefficients on plain surface 
 The heat transfer performance on plain and micro porous 
coated surfaces in open space is shown in Figure 6. The micro 
porous surface coating enhances the heat transfer coefficient for 
approximately 140 % at low and moderate heat flux. But the 
heat transfer enhancement is only 75 % at high heat flux. This 
result agrees with those tested by Yang and Fan [2006] for 
R-404A and R-134a on plain and porous tubes. The 
dependency of heat transfer coefficient to heat flux for porous 
tube is not significant as that for plain tube. Yang and Fan 
[2006] observed that three parameters, bubble size, bubble 
density and bubble frequency may affect the pool boiling heat 
transfer performance. Comparing to the plain tube, the porous 
tube has the smaller departing bubbles owing to its small pores 
size. But since it contains tremendous number of pores on its 
surface, it has the higher bubble density on its surface. The 
bubble density increases with increasing heat flux for both plain 
and porous tubes at low and moderate heat flux. But it is almost 
not changed with heat flux for porous surface at high heat flux. 
Furthermore, the bubble frequency on porous tube is 
independent of heat flux but increases with increasing heat flux 
for plain tube. This causes the heat transfer coefficient 
enhancement for micro porous tube at high heat flux is lower 
than that at low and moderate heat flux conditions. Copyright © 2008 by ASME 
: http://www.asme.org/about-asme/terms-of-use
Downloadeq" (W/cm2)




















Figure 6. Heat transfer performance on plain and micro 
porous surfaces 
 The comparison of heat transfer performance for micro 
porous coated surface in confined and open spaces is shown in 
Figures 7. The heat transfer characteristic is different from that 
on plain surfaces. Owing to the interaction of forced removal of 
the superheated liquid due to the bubble departure and retard 
the departure of bubbles by the confined plate, there is no much 
difference for pool boiling heat transfer on micro porous coated 
surface in confined and unconfined spaces at low and moderate 
heat fluxes. At high heat flux, large amount of bubbles were 
confined by the cover plate. This caused the partial dry out and 
significant degrade on heat transfer performance. 
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Figure 7. Heat transfer coefficients on micro porous 
surface 5
d From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Use Figure 8 compares the heat transfer performance on plain 
and micro porous surfaces in confined and open spaces. It is 
clearly shown that the micro porous coating may significantly 
enhance the poop boiling heat transfer performance in an open 
unconfined space. But in confined space, because of the large 
amount of bubbles are limited in a narrow space and can not 
leave boiling surface quickly, the heat transfer enhancement is 
not as high as that in an open space. 
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micro porous, 1 mm 
Figure 8. Comparison of heat transfer performance on 
plain and micro porous surfaces 
 
CONCLUSIONS 
 The pool boiling heat transfer performance on one plain 
plate and one micro porous coated plate were tested in a 
vertical open and a 1-mm confined spaces. The test results 
show that the heat transfer was enhanced by the confined space 
at low and moderate heat fluxes but degraded at high flux 
condition on plain surface. The micro porous coating may 
significantly enhance the pool boiling performance. However, 
the heat transfer characteristic in confined space is not exactly 
the same as that on open surfaces. Owing to the interaction of 
forced removal of the superheated liquid due to the bubble 
departure and retard the departure of bubbles by the confined 
plate, there is no much difference for pool boiling heat transfer 
on micro porous coated surface in confined and unconfined 
spaces at low and moderate heat fluxes. At high heat flux, large 
amount of bubbles were confined by the cover plate. This 
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